Strains. The strains used are described in Table 1 . Growth media. Modified Schaeffer medium, 2x SG (13), contained 16 g of nutrient broth (GIBCO Laboratories), 0.5 g of MgSO4. 7H20, and 2 g of KCI per liter to which was added after autoclaving 0.1 ml of 10 mM FeSO4, 1 ml of 1 M Ca(NO3)2, 3.3 ml of 30% (wt/vol) glucose, and 0.1 ml of 1 M MnCl2. LB medium (16) contained 10 g of tryptone (Difco Laboratories), 5 g of yeast extract (Difco), and 10 g of NaCl per liter. The minimal medium of Spizizen (22) contained 2 g of (NH4)2SO4, 14 g of K2HPO4, 6 g of KH2PO4, 1 g of sodium citrate, and 0.2 g of MgSO4 7H20 per liter to which was added after autoclaving 0.3% (wt/vol) glucose or other carbon sources. Penassay broth (Difco) was prepared with Antibiotic Medium 3 (Difco) as directed by the manufacturer. Solid media were prepared by including 1.5% (wt/vol) agar. Tryptose blood base agar (GIBCO) was prepared as directed by the manufacturer. Flasks of liquid media were shaken at 37°C, and growth was monitored by using a Klett-Summerson colorimeter with a blue filter (red filter for 2x SG medium). Any samples with a Klett reading greater than 150 were -diluted in the same medium to obtain an accurate value. The relationship of 0.26 mg (dry cell weight) per ml at 100 Klett units in 2x SG medium was determined by drying culture samples and correcting for the weight contribution from the medium.
Catalase assays. Catalase activity was determined by the method of Rorth and Jensen (18) in a Gilson oxygraph equipped with a Clark electrode. One unit of catalase is defined as the amount that decomposes 1 ,umol of H202 in 1 min at 37°C. Catalase activity in colonies on agar plates was assayed by applying 1 drop of 30% H202 to the edge of a colony by using a syringe. Colonies with normal catalase activity vigorously evolved oxygen.
Visualization of catalase and peroxidase activities on polyacrylamide gels. Catalase and peroxidase activities were separated on 9% polyacrylamide gels, run as described by Davis (5) but with the separation gel prepared at pH 8.1 rather than pH 8.9 . The peroxidase activity was visualized (Fig. 3) .
Because of the predominance of catalase 1, it was not possible to directly isolate a mutant deficient in catalase 2 when catalase 1 was still present, and it was necessary to generate such a strain by other methods. Reversion of the mutation affecting catalase 1 synthesis in UM1013 by nitrosoguanidine treatment was one method, and bacteriophage PBS1-mediated transduction was a second method. One strain, UM1015, was selected, with the desired phenotype of evolving apparently wild-type levels of oxygen in the drop test. Visualization of the catalase activities revealed only catalase 1 in crude extracts (Fig. 3) . At disappearance of either catalase 1 or 2, and its very low levels complicated further study.
The various mutants were assayed for sensitivity to H2O) (Table 3) , revealing the following order of increasing sensitivity: wild-type strain 168 = UM1015 (catalase 2 deficient) < UM1001 or UM1005 (catalase 1 deficient) = UM1013 (catalase 1 and 2 deficient). This order of sensitivity was consistent with the relative levels of catalase in exponentially growing cells ( Table 2) .
Properties of the catalases. It was possible to determine some of the properties of an individual catalase in crude extracts in the absence of the other catalases by choosing appropriate extracts (Table 4) . For example, catalase 1 was the only catalase present in UM1015 and in 5-and 10-h extracts of strain 168, whereas catalase 2 was the only activity in purified spores and in UM1005. The apparent K,,,s for H202 were determined to be 36.6 and 64.4 mM, respectively, for catalases 1 and 2. Both enzymes were 97% (6) . Catalase levels in strain 168 remained near basal levels during log-phase growth, but as the growth rate slowed, there was a five-to sixfold increase in catalase (Fig.  4a) . The catalase levels remained high for approximately 15 h and then decreased as spores appeared in the medium. Only catalase 1 was present during this stage of growth ( Fig.  1) and must be the species responsible for the increase. This was confirmed by assaying catalase levels during growth of UM1015 (Fig. 4b) . This strain produced only catalase 1, and the increase in catalase as the cells grew into late stationary phase was similar to what was observed for strain 168 . Strain UM1OOS, containing only catalase 2, exhibited much lower levels of catalase, and while there was an increase in catalase during the shift into stationary phase and the onset of developmental changes, the final level was only 1/10 of that in strains 168 or UM1015 (Fig. 4c) .
In VOL. 169, 1987 using the details provided, a direct comparison of catalase patterns on polyacrylamide gels in this work with those in the earlier work was precluded and it was necessary to reinvestigate whether the synthesis of catalase 1 or catalase 2 or both was induced by H202. To ensure efficient induction, it was necessary to add the H202 in small volumes at 10-min intervals. This protocol resulted in a 30-fold increase in catalase levels (Fig. 5 ) in log-phase cultures of strain 168. When extracts of an induced culture were visualized after electrophoresis, only catalase 1 was present (Fig. lb) . Chloramphenicol prevented the increase in catalase activity, confirming that protein synthesis was responsible for the increase. The addition of H202 to a culture of UM1005, which produces only catalase 2, did not result in any increase in catalase levels (Fig. 5 ). The addition of ascorbate to a culture of strain 168 caused an 11-fold increase in catalase levels (Fig. 5) , confirming that B. subtilis, like E. coli, can be induced by ascorbate. DISCUSSION The presence of at least two unique catalases in B. subtilis was confirmed on the basis of the enzymes having different electrophoretic mobilities, different molecular weights, different apparent Kms for H202, and different genetic origins. The original conclusion that B. subtilis produced only one catalase was based on the limited observations of similar properties for catalases in both vegetative cells and spores (Murrell, Ph.D. dissertation). These observations were confirmed and expanded upon in this report, resulting in the identification of multiple catalases. The existence of multiple catalases had been suggested earlier by the observation of several activity bands on polyacrylamide gels (10) , but the precise pattern of catalase bands seen earlier (10) could not be reproduced by using the details provided. The current characterization was based on the pattern of activity bands that changed as growth progressed. Catalase 1, a major band, and catalase 3, a minor band, appeared reproducibly as discrete bands with significantly different molecular weights. The grouping of several activity bands with similar electrophoretic mobilities under the name catalase 2 was justified on the basis of similar molecular weights and common disappearance following mutagenesis or in spoOcontaining mutants. In possessing two main species of catalase, B. subtilis is therefore similar to E. coli (2, 3, 15) , M. radiodurans (8) , and S. cerevisiae (20, 21) .
The catalase present in the greatest amounts in vegetative cells and the only catalase in mid-log-phase cells was catalase 1. The basal levels were 3-fold higher than the basal levels of catalase in E. coli (17) , and the fully induced levels were 20-fold higher. During growth into stationary phase, B. subtilis, like E. coli (14) , induced the synthesis of a catalase, specifically catalase 1. In E. coli, this late turn-on of synthesis was linked to the turn-on of nonfermentative metabolism, although the mechanism was not determined. There was no such link in the case of B. subtilis, and furthermore, the increase in catalase could not be linked to the onset of spore development because spoO mutations did not affect the increase. Catalase 1 synthesis could be induced over 30-fold by H202, suggesting that the in vivo increase in catalase 1 could be the result of H202 generated in stationary-phase cells. 
